ABSTRACT The popularization of electric vehicles and new forms of power generation has led to a change in the architecture of the residential microgrid. As the mode of power distribution on the user side must be replanned, the optimization of user costs for a residential building in Harbin was selected as the research focus. From local electricity prices and building characteristics, this paper uses a linear programming algorithm to calculate the optimization of power distributions. The results show that users can save an average of 15.6% on their electric bills annually throughout the life cycle of residential microgrid equipment and save up to 55.3% in the summer. The results of this paper can guide structural designs and modes of power distribution for residents of Harbin.
I. INTRODUCTION
Due to energy-related and environmental issues, the development of new power generation and electric vehicles has accelerated [1] , [2] . However, new modes of power generation and new grid-connected electric vehicles have changed the sources of electric energy needed by users of microgrids. Thus, it is essential to the stability and economic success of smart grids to coordinate between new forms of energy generation and electric vehicles connected to grids [3] , [4] .
Research on the optimal operation of microgrids involving new forms of power generation and electric vehicle use focuses on the improvement of model construction processes of different microgrid structures and on optimizations that involve adopting different algorithms. One study [5] optimized the operation of home-based microgrids using photovoltaic power generation systems (PVs), home energy storage systems and electric vehicles under five conditions divided based on whether household energy storage is involved in operations, whether the storage of electric vehicles is involved in residential microgrid operation (V2H) and whether remaining power generated via photovoltaic power generation is returned to the grid, of which 33.71% can be saved through electricity cost savings. One study [6] enhanced levels of electrical energy available to electric vehicles connected to grids (V2G) while another [5] analyzed effects of the charging and discharging behaviors of electric vehicles on residential microgrid electricity costs at different times. For a residential microgrid structure with V2G, the most economical way to charge an EV when electricity levels of low can save up to 65.3% in daily electricity bills. One study [7] considered anxiety factors related to the driving mileage of electric vehicles within household microgrid structures supported by photovoltaic power, wind power and electric vehicles and have optimized electricity costs of the user side. Optimization results show that users can save up to 15.5% in daily electricity costs. One study [8] applied a model of three residential microgrids supported by photovoltaic power generation systems, energy storage systems and electric vehicles wherein electricity could be purchased and sold to determine the energy distribution of each microgrid component of each household with the best overall electricity costs, proving that coordination between multiple microgrids can effectively reduce electricity costs. In one study [9] , a model of 201 residential microgrids of the Austin area was constructed to verify that cooperation between multiple home microgrids can reduce peak electricity consumption more than the use of multiple microgrids that operate individually. Cooperation between multiple home microgrids can save 10% in electricity costs. One study [10] found that a microgrid structure supported by photovoltaic power and home energy storage systems can optimize the electricity costs of 4 households over the course of a month while not exceeding electricity cost sets by users by using the optimal algorithm. One study [11] presented a solar thermal system and geothermal model of a residential microgrid structure wherein main applications of thermal energy included heating and domestic water heating and measured electricity consumption levels and costs incurred when different residential microgrid components were involved in microgrid operation. Corresponding results show that when the degree of integration between electric and thermal systems is greater, the microgrid cost savings become better. One study [12] separately optimized user-side costs of one or more residential microgrid structures from electric and thermal models. Corresponding results show that among cooperating multi-household microgrids, household electricity costs can be decreased by 8-33%.
Optimization algorithms used for microgrid model includes those of mixed integer linear programming (MILP) [13] , model predictive control (MPC) [14] , [15] , rolling time domain strategies [16] , game theory [17] and stochastic dynamic programming (SDP) [18] . One study [13] used the user-side cost of electricity as an objective function and deemed charge-discharge power levels and capacities of each residential microgrid restricted to establish a linear microgrid model that optimizes the electricity consumption of each component of four seasons of working and nonworking days. Corresponding results show that with an increase in the capacity of distributed power generation and home energy storage systems, more power is fed back into a grid, lowering personal electricity costs. One study [14] proposed a building energy management system for Korean schools and companies integrated within a microgrid structure fitted with a photovoltaic power generation system and planned a charging mode for electric vehicles based on photovoltaic power generation capacity levels and electrical loads predicted by the proposed algorithm. Corresponding results show that the proposed method can be used to reduce users' electrical costs via the effective optimization of the EV charging mode. One study [15] applied load forecasting techniques trained by a neural network, a nonlinear photovoltaic power generation system and an energy storage system model adopting a microgrid energy management system in conjunction. Based on model predictive control theory, the electricity costs of a household in Los Angeles were optimized. Simulation results show that the proposed control scheme maintains prediction error values of 2-4% over the long term. One study [16] analyzed the economic operation of Chile's microgrid via the rolling region method (RH). The proposed management system is suitable for a microgrid consisting of photovoltaic panels, two wind turbines, a diesel generator and an energy storage system. The system uses actual data on Chile's existing microgrid (ESUSCON) for testing purposes. Outcomes of the different operating conditions explored demonstrate the economic significance of the proposed model. One study [17] used the non-cooperative game theoretical power market complementary model to analyze effects of the integration of distributed photovoltaic power generation within a smart home on the consumer electricity economy and impacts of PV and battery capacity levels on user energy costs. The results of this study show that (i) residential smart consumers with higher response capability levels and exhibiting higher levels of PV integration can benefit more from a non-cooperative game via money saved on electricity expenditures. Such effects are enhanced with an increase in PV capacity and are diminished with an increase in battery capacity. In the present study, smart consumers with the highest response capacity levels can save 36.6% on electricity expenditures relative to the lowest-level consumers; (ii) the marginal revenue of newly installed PV panels decreases for all residential consumers. However, consumers with lower response capacities suffer a sharper decline. In this study, differences in marginal revenues among different consumers can reach a value of 300%. We conclude that smart consumers with stronger response capacities can economically maintain a higher PV capacity level. (iii) Batteries can help smart consumers with relatively lower response capacity levels mitigate a decrease in marginal PV revenue. However, they cannot signi?cantly increase PV marginal revenues for smart consumers with higher response capability levels. One study [18] examined a residential microgrid model with photovoltaic systems and electric vehicles using a plug-in electric vehicle (PEV) model, and a PEV travel time model was developed via the Markov method. The load demand of household and photovoltaic power generation was predicted from a neural network algorithm using user-side electricity costs as an optimization goal and using stochastic dynamic programming (SDP) for optimization. According to a comparison of daily and annual electricity costs incurred with and without using the SDP algorithm, a consumer can save 493.6% on electricity costs by driving a Tesla EV and 175.89% on electricity costs by driving a Nissan according to the SDP algorithm.
At present, most studies on residential microgrids have focused on villa-type residential structures each equipped with a photovoltaic power generation system, a household energy storage system and an electric car. However, few studies have examined the optimal operation of residential microgrids of building structures in China. Therefore, in this paper, characteristics of residential buildings in Harbin, electricity prices and feedback electricity prices are considered. The objective is to optimize costs for all users of a residential building. The linear programming algorithm is used to optimize the distribution of electricity to each component of a microgrid.
II. STRUCTURE OF A RESIDENTIAL MICROGRID
According to the residential microgrid architecture commonly used in recent studies, components of a residential microgrid mainly include a photovoltaic (PV) power VOLUME 6, 2018 generation system, an energy storage system (ESS), a household load, an electric vehicle (EV) and a grid. This article considers characteristics of building construction in Harbin and determines the structure of a residential microgrid for a building as shown in Figure 1 . In this structure, PV and ESS refer to public equipment available to all residential users of a building. The power provided by PV and ESS will be allocated according to each user's needs, and the remaining energy outside the user's requirements will be fed back to the grid. Electric vehicles are not user-shared devices, but the electric power provided by them can be used by all users in the building. Users who use the electricity provided by PV, ESS and EVs need to pay for that. This is different from the structure of PV, ESS and EV own to each households used in previous studies.
PV power generation involves converting light energy into electrical energy, and the electrical energy generated can be used by individuals, can be sent back to the grid or can be used for power grid adjustments. Electricity produced via PV systems is exported in two ways: it can be stored in the ESS for energy storage or delivered to an inverter. Power can delivered by the inverter from the PV system to homes (PV2H) or buildings or it can be sent back to the power grid (PV2G).
An ESS is a device used to store electrical energy. In this study, an ESS is used to store electricity generated via a PV system without the need to purchase power from the grid. The ESS sends energy to a home (ESS2H) and remaining energy back to the grid (ESS2G).
When parked in a garage, an EV can be used as an energy storage component and it can function in the same way as an ESS. When going out, it's need to adjust the EV's to the running state, and if the EV is used to act as an ESS in the garage, the state of the vehicle is adjusted to the discharging state. While energy is removed from the EV system while traveling outside, remaining power is distributed in three ways: it can be left in the EV system, vehicle-to-home (V2H) delivery can be executed by the inverter, or returned to the grid (V2G) via the inverter.
III. RESIDENTIAL MICROGRID MODEL
According to the structure of a residential microgrid, a major task involves building a mathematical model for PV, ESS and EV. 
A. MODEL OF PHOTOVOLTAIC POWER GENERATION
Photovoltaic power generation is related to solar radiation and ambient temperature. The operating voltage and operating current characteristics under different radiation levels are shown in Fig. 2 (a), and the voltage and current characteristics at different temperatures are shown in Fig. 2 
(b).
According to the literature [19] , the PV model was built, and PV power generation was calculated based on temperature, solar radiation, photovoltaic cell voltage and current data.
(1)
where T air is the ambient temperature; S is solar radiation; T is the battery temperature; T is the temperature difference between the battery temperature and the standard; S is the difference between solar and standard radiation; I m is the best current of the photovoltaic cell; U m is the best working voltage of photovoltaic cells; U is the best working voltage under the actual irradiance value; I is the best operating current under the actual irradiance value; P is the photovoltaic power level; t is the time of illumination; and W is electricity produced through photovoltaic generation.
B. ENERGY STORAGE SYSTEM MODEL
Lithium iron phosphate batteries commonly used as energy storage battery. The charging and discharging characteristics curve of Lithium iron phosphate battery are shown in Fig 3. According to the literature [20] , the model for the accumulator of the energy storage system was constructed. The state of energy (SOE) of the accumulator changes with time during operation. The relationship between SOE and time t is as follows where t is the current moment; t − 1 is the previous moment; E t is the change in energy level of ESS from t-1 to t (positive during charging and negative during discharge); and E ess N is the total amount of energy stored in the ESS battery.
C. ELECTRIC CAR MODEL
Ternary polymer lithium ion batteries commonly used in electric vehicles. The current-voltage characteristic charging curve of the batter is shown in Fig. 4 . According to the literature [21] , an electric vehicle battery model was constructed. When an electric vehicle does not move, the EV function is equivalent to the function of the energy storage battery. The relationship between the battery SOE value and time t is
where SOE ev t−1 is the battery energy level measured from the electric car at the previous moment; SOE ev t is the battery energy level measured at the time of electric vehicle use; E ev N is the total amount of energy stored in the battery; and E ev t is the change in battery power from t-1 to t (positive during charging and negative during discharge).
IV. RESIDENTIAL MICROGRID MANAGEMENT STRATEGE
The management strategy proposed in this section is based on architectural features found in Harbin and on regional electricity tariffs, and it applies the electricity costs of users as an objective function. The power constraints of each household microgrid component are constrained to manage microsources and load operating statuses of the home microgrid using the optimization algorithm proposed. Meanings of the variable names used in the objective function and constraints are shown in Table I .
As each component of the household microgrid does not participate in power exchange at the same time and in each period, operational constraint conditions of the family microgrid for one day are divided into two periods. Period 1 is the period during which the PV system generates electricity, while the EV does not participate in electric energy exchange. In period 2, the PV system does not generate electricity and the EV participates in electricity exchange. Constraints of each part of the home microgrid are as follows.
A. ENERGY BALANCE CONSTRAINT
Equation (10) is the power balance equation constraint for each component participating in residential microgrid operation. The left side of the equation denotes the amount of electricity purchased from the grid. The right side shows the difference between electricity consumed and supplied by equipment of the residential microgrid. Equation (10) denotes that energy provided by the PV system, ESS and EV must first be used to satisfy the household load, while the rest of the energy is returned to the grid. Energy balance constraints differ a different time periods. During period 1, the equality constraint applies power variables on the load, PV system and ESS on the right side of the equation. During period 2, the equality constraint applies power variables on the load, EV system and ESS on the right side of the equation.
The photovoltaic system participates in only residential microgrid operation during period 1. During period 1, energy provided by the PV system is constrained. Photovoltaic power is used for household use and is returned to the grid and energy storage system. VOLUME 6, 2018 (17) ESS is involved in residential microgrid operation during both periods. Equation (12) requires that energy provided by the ESS is first used for household demand and that remaining energy is returned to the grid. Equations (13) and (14) limit the charging and discharging capacities of the ESS. Equations (15)- (17) describe ESS energy levels. Equation (15) denotes the amount energy remaining in the ESS in the current period, which is calculated according to the SOE of the previous period and based on the change in electric energy levels generated from battery charging and discharging behaviors of the current period. When the SOE of period 2 is calculated, the previous period corresponds to period 1; when the SOE of period 1 is calculated, the previous period corresponds to period 2. Equations (16) and (17) (23) EVs are involved in only the operation of a residential microgrid in period 2. Equation (18) requires that electrical energy stored in the EV is first used for the household load and that remaining electric energy is returned to the grid. Equations (19) and (20) limit the charging and discharging capacities of the EV. Equations (21)-(23) describe energy stored in the EV. Equation (21) denotes energy remaining in the EV in the current period, which is calculated according to the SOE of the previous period and is based on the change in the amount of power generated via battery charging and discharging or on energy consumed during outdoor driving in the current period. As EV mechanisms participate in only residential microgrid operation in period 2, the previous period corresponds to period 2. Equations (17) and (18) limit maximum and minimum EV state-of-energy values.
Equation (24) shows the total amount of electrical energy that users can return to the grid. In different periods, a household microgrid is subjected to different constraints on grid power supply. Only PV and ESS reserves are returned in period 1, and only ESS and EV reserves are returned in period 2. Equations (25) and (26) denote constraints on the grid side. Grid constraints are the same for each period. Equation (25) represents the constraint on energy that users purchase from the power grid. When a power grid company has a limited amount of energy for users to purchase, the value is set according to relevant regulations. When no restrictions are applied, the parameter on the right side of the equation is a large value. Equation (26) shows the constraint on users' electricity returned to the grid. As in Equation (25), when there is a limit, parameters are set according to this limit. When there is no limit, the parameter is set as a large value.
Equation (27) is an optimization objective function that optimizes the electricity costs of all users of a building for 7 days, including users' electricity grid costs, residential microgrid equipment costs, costs of maintenance, energy returning costs and government subsidies for photovoltaic power generation.
V. RESULTS AND ANALYSIS OF THE OPTIMAL OPERATION CASE
According to the fourth part of the objective function, constraints are linear functions, and all variables are nonnegative. Thus, this paper uses the linear programming algorithm for the electricity cost optimization of residential users of a building. A flowchart of the linear programming algorithm is shown in Figure 5 .
By controlling constraints of the electric vehicle, power grid and energy storage in optimizing model, all the methods of power distribution that meet the above conditions can be obtained. And then the power distributed by each component under various distribution modes is brought into the objective function of the model. After calculating the user's electricity cost under various distribution methods, the users' cost of electricity can be compared under different distribution methods. Then the distribution method corresponding to the least cost is the most economical energy distribution method.
A. PARAMETER SETTINGS OF THE RESIDENTIAL MICROGRID COMPONENTS
We must determine the consumption of household loads, the generation of PV values, PV parameters, ESS capacity levels, EV parameters, electricity prices in Harbin, return grid prices and government subsidy policies before optimizing electricity costs for building users. From data for 20 households of a residential building in Harbin, total monthly electricity consumption levels of building residents are shown in Figure 6 .
Harbin users purchase electricity from a grid company at 0.51 yuan/kWh when electricity use does not exceed a 170-kWh fixed value. According to [2013] No. 1638 promulgated by the National Development and Reform Commission, electricity subsidies for photovoltaic energy generation provided by the Harbin government amount to 0.42 yuan/kWh. The limit on government subsidy delivery is 20 years. Surplus power stored within the distributed photovoltaic power generation system is purchased by grid companies according to local coal-based electricity prices. Document No.
[2016] 4 promulgated by the Price Bureau of Heilongjiang Province shows that coal-based electricity prices in Heilongjiang Province amount to 0.3723 yuan/kWh.
At present, the distributed photovoltaic power generation system is unbalanced with respect to power and electricity levels most of the time. Approximately 50-80% of the system's electricity must be purchased from a large power grid throughout the year [22] . In this paper, according to electricity purchases made by residential microgrid users on the grid side given in the literature [22] and based on household electricity consumption levels for the examined building, the ratio of user electrical costs savings to electrical costs for one year VOLUME 6, 2018 can be calculated. The ratio of electrical costs based on users' savings and electrical costs for one year refers to the ratio in the following text. When the ratio is greater than 1, the users' residential microgrid system electrical costs are lower. Electricity cost savings include electrical costs saved from purchasing electricity from the grid, from returning surplus power to the grid and from government subsidies, which are calculated as follows:
The government subsidy is a long-term subsidy policy for promoting the development of new energy generation. Weather the energy generated by PV is used for self or fed back to grid, it all can subsidized by the government.
The cost of electricity includes the cost of purchasing electricity from the grid and the cost of photovoltaic equipment as follows:
The 20 households in Harbin examined consume 31372 kWh of energy each year, annual solar irradiance levels for Harbin are measured at 4942.51 MJ/m2, average temperatures reach is 4.86 • C, and the duration of clear weather conditions is 12.22 h. From the percentage of users purchasing electricity from the grid and from electricity consumed by users (hereinafter referred to as the percentage), the amount of energy generated via photovoltaic power generation and costs related to users purchasing electricity from the grid side can be calculated. Electricity purchased by users from the grid and electricity consumed by users are referred to as the percentage in the following text. From solar irradiance, temperature and photovoltaic energy demand levels, the PV system's capacity can be calculated. According to the price of photovoltaic equipment that a manufacturer sells at 10,000 Yuan/kW, the total cost of photovoltaic system equipment can be determined. From electricity costs for users purchasing from the grid and costs of photovoltaic equipment, the annual cost of electricity for the user side can be calculated. One year of savings in electricity costs and electricity costs are shown in Table ćò based on different PV capacity levels. The life cycle of photovoltaic equipment is 20 year. Table II shows that when the photovoltaic capacity of the equipment is lower, the cost of photovoltaic system equipment is lower, but the electricity cost savings to the user become less significant, and the user costs become higher. The ratio uses 12 kW PV, which is greater than 1, and thus, a user can save the most energy and spend the least on electricity costs. To minimize electricity costs placed on users to configure PV capacities, we use a PV capacity level of 12 kW. According to equipment costs for a 12-kW photovoltaic system and a year of savings, the recycling cycle for photovoltaic equipment can be calculated as follows:
where N is the recovery cycle of photovoltaic system equipment, and the recovery cycle of 12-kW photovoltaic system equipment is approximately 8 years.
According to capacities of the photovoltaic power generation system, monthly solar irradiance levels Harbin (as shown in Figure 7 (a) ) and temperature data, electrical energy generated in Harbin from the 12-kW photovoltaic system is calculated for each month as shown in Figure 7 (b) .
According to daily mileage data for passenger cars in Harbin presented in [23] , the battery capacity of an electric car is designated as 6 kWh. According to the 2017 Harbin Traffic Police Department statistics for Harbin motor vehicles and the census register population data of the Harbin Bureau of Statistics, it's assumed that only 10 residents of the 20 households examined use electric cars. Energy initially stored in an EV battery is 6 kWh, and the lowest battery capacity level is 20% the battery capacity.
Energy storage capacities are based on electricity saved by users while using the energy storage system. The maximum amount of energy remaining in the battery of the energy storage system is 1, and the minimum value is 0.2. Energy generated by PV will output to ESS, and the energy stored in ESS is output in two ways: 1) feed back to the grid; 2) supply to users. Energy saving costs of the energy storage system are calculated according to a model considering one day, one charge and one discharge. Electricity costs saved by a user upon installing the energy storage system are the product of the difference of the maximum state of energy (SOE max ) and the minimum state of energy (SOE min ) of a storage battery, the cost of electricity purchased from grid, the saving of electricity fed back to grid and the total battery energy level calculated as follows:
When users do not install an energy storage system, the energy generated by PV will output in two ways: 1) feed back to the grid; 2) supply to users. Savings achieved within one day when users do not install an energy storage system are divided into two parts. The first is the product of the energy produced by PV, the price of energy sent back to the grid or users and the total amount of energy stored in a battery. The second is the cost of energy storage system equipment. According to storage parameters provided by manufacturers, the energy storage system life cycle is 8 years, and equipment costs for energy storage amount to 600 yuan/kWh. As the system requires that the energy storage system stores energy generated by the PV system, it must replace storage batteries three times during the life of the PV system and multiply equipment cost three times. The users' electricity cost savings are calculated as follows:
The users' cost savings from energy storage system use with or without energy storage capacities at different storage system capacity levels are shown in Figure 8 . The figure shows that ESS use affects the electricity costs of the user. When the ESS capacity becomes more pronounced, the gap in costs between using and not using the ESS becomes wider. According to Figure 8 we can conclude that for Harbin's current electrical pricing system and returned electricity prices, the energy storage system is not used, saving users electricity costs, no matter the power generated from PV feeding back to grid or using by users.
B. OPERATION RESULTS AND OPTIMIZATION ANALYSIS
As electricity consumption for each week and electricity usage is similar for each month, according to the parameters of each component of the residential microgrid of ćõ.A and according to the constraints of each component and objective functions of Part 4, we drew seven days from each month and optimized seven-day user-side electrical costs with the residential microgrid system. The seven-day energy consumption of 20 households across different seasons and the distribution of electricity consumption for each component of the residential microgrid are shown in Figure 8 . Through the analysis of the weekly power distribution, the user's power usage every month can be found out. Figure 9 (a) shows the shows the seven-day energy consumption of 20 households in spring. Figure 9 (b) shows the distribution of electricity consumption of each component for the spring. Figure 9 (c) shows the shows the seven-day energy consumption of 20 households in summer. Figure 9 (d) shows the distribution of electricity consumption of each component for the summer. Figure 9 (e) shows the shows the seven-day energy consumption of 20 households in autumn. Figure 9 (f) shows the distribution of electricity consumption of each component for the autumn. Figure 9 (g) shows the shows the seven-day energy consumption of 20 households in winter. Figure 9 (h) shows the distribution of electricity consumption of each component for the winter. Figure 9 shows that electricity purchased from the grid is the main source of electricity for residential demand in every season. Electricity provided via photovoltaic power generation is used as a secondary source of self-consumption and grid feedback. Electric vehicles are used as a back-up source for deployment. From comparisons of distributions of electricity consumption across different months shown in Figure 9 , we can see that the distribution of electricity consumption varies from month to month, while power supplied by each component varies with the amount of electricity consumed by users and with the amount of electricity generated through photovoltaic power generation. Comparisons of distributions of electricity consumption across different seasons shown in Figure 9 illustrate that electric vehicles must participate in residential microgrid energy exchange in the winter, while EV energy is rarely required in the spring, summer or autumn. Comparisons of electricity distribution VOLUME 6, 2018 levels for each day shown in Figure 9 and in Figure 7 show that when electricity provided through the photovoltaic power generation system in the spring, summer and autumn is sufficient, fewer users consume electricity through the photovoltaic power generation system on weekdays (days 1-5 shown in Figure 9 are weekdays) than on weekends (days 6 and 7 shown in Figure 9 are weekends). In the winter, when the photovoltaic power generation system is less available, users use similar amounts of electricity provided through the photovoltaic power generation system on weekdays and weekends.
From electricity consumed by 20 households in a week and from electricity provided through photovoltaic power generation, the cost of electricity consumed by the 20 households examined can be calculated from the objective function and constraints established in this study. Based on the cost of electricity consumed by 20 households in a week, the total cost of electricity consumed by these 20 households over a month after residential microgrid system use can be estimated. A month of electrical costs incurred by 20 households not using the residential microgrid system is the product of electrical consumption by 20 households in a month and of electrical prices for Harbin. The percentage of electrical savings is calculated as shown in Equation (33) based on the residential microgrid system.
where p is the percentage of electrical savings made by users employing the residential microgrid structure; C use denotes the monthly electricity costs of 20 households using the residential microgrid structure; and C without is the monthly electricity costs of 20 households not using the residential microgrid system. To calculate the percentage of electricity cost savings, we first calculate the difference between electrical costs incurred by 20 households using and not using the residential microgrid system over a month, and then the ratio of differences and monthly electricity costs for 20 households not using the residential microgrid system is calculated. The calculated ratio is the percentage of electrical savings achieved by users of the residential microgrid structure. Figure 10 shows the electrical costs of 20 users using and not using the residential microgrid system and the percentage of electrical savings generated by users of the residential microgrid structure for every month. Figure 10 shows that during residential microgrid structure use, electrical costs were the highest in January while they were the lowest in June. When the residential microgrid structure was not used, electrical costs were the lowest in December and highest in June. In the 1 st , 2 nd , 11 th and 12 th months, electricity costs were higher during residential microgrid use than during periods not involving residential microgrid use. Such differences were most pronounced in January, when electricity cost associated with using the residential microgrid were the highest. In the remaining months of the year, electricity costs generated with residential microgrid structure use were lower than generated without residential microgrid structure use. In June, the gap between the two was the largest and users of the residential microgrid structure paid the least. From savings percentage line shown in Figure 10 , within the residential microgrid structure residents saved the most in June at up to 55.3% and spent the most in January at up to 33%. From the average percentage of savings for each month, an average of 15.6% savings in electricity costs was obtained. By combining Figure 10 with Figure 7 (b), we can see that within the residential microgrid structure, user electricity costs are inversely proportional to levels of photovoltaic power generation. When photovoltaic power generation levels are higher, user electricity costs are lower because when electricity provided through photovoltaic power generation is sufficient, not only can this electricity supply user load demands, but the energy generated remains and can be returned to the power grid. As more energy is generated with photovoltaic power, more energy can be returned to the power grid, and users' electricity costs decrease. From Figures 6, 7 (b) and 10, while user electricity consumption levels were the highest in June, electricity levels provided via photovoltaic generation were the highest, and in addition to meeting user demands, excess energy provided from the photovoltaic system could be returned to the grid. Therefore, in June, costs for users of the residential microgrid structure were the lowest, and the cost gap between using and not using the residential microgrid structure was the largest. In January, while users used the least electricity, electricity provided through photovoltaic power generation was not sufficient to meet family load demands. Users also needed to pay for the PV system and equipment costs, causing the cost of electricity generated from the residential microgrid system to exceed the cost of not using the residential microgrid system. In January, as the period of the lowest levels of photovoltaic power electricity generation, the cost gap between electricity use with and without the residential microgrid system was found to be the largest.
VI. CONCLUSIONS
In this paper, based on residential building characteristics and electricity and return electricity prices for Harbin, a strategy for the operation and management of the residential microgrid in Harbin is proposed. The strategy takes the electrical cost of 20 households of buildings as an objective function and the energy limits of different residential microgrid components for different time periods as constraints. According to the electrical consumption of 20 households and the characteristics of residents in Harbin, parameters of components of the residential microgrid are established. We in turn optimize the energy distribution of 20 households using the residential microgrid system. We find that a common residential microgrid system equipped with a photovoltaic power generation system, an energy storage system, electric vehicles, household loads and grid structures is not suitable for the Harbin area. Based on the residential price of electricity, the price of energy returned to the grid, government subsidies and the characteristics of buildings in Harbin, we propose that a residential microgrid structure equipped with a photovoltaic power generation system, electric vehicles, household loads and power grids is more suitable for residents of Harbin.
The results show that when the microgrid structure proposed in this paper is applied, electricity purchases from the grid constitute the main source of residential electricity. Electricity provided through photovoltaic power generation serves as a secondary source, and electric vehicles serve as a back-up source. The amount of electricity provided by each component varies with the amount of electricity used by users and provided through photovoltaic power generation. The research results show that the residential microgrid structure proposed in this paper can save users an average of 15.6% on electricity bills in a year and of 55.3% on electricity bills in the summer.
The research presented in this paper is based on the current price of electricity in Harbin and on the standard feedback electrical price and can be used to guide the structural design and power distribution of the residential microgrid in Harbin. If electrical and feedback electrical prices in Harbin were to change, existing objective functions and constraints could be adjusted in future studies, and the power distribution of each component of the residential microgrid could be re-planned. She is currently an Assistant Researcher with the Department of Automotive Engineering, Tsinghua University. Her research mainly focuses on power battery management and electric vehicle technology, study of plasma sources, and fabrication of microstructured or nanostructured surfaces.
GUOLIANG WU received the degree in power electronics and power transmission and the Ph.D. degree in electrical engineering and electrical engineering from the Harbin Institute of Technology.
His research interests include technology of energy storage and the Internet of Energy.
